Under UV light irradiation with a mercury lamp at 313 nm, a gaseous mixture of iron pentacarbonyl (Fe(CO) 5 ) and trimethylsilyl azide (TMSAz) produced spherical aerosol particles with a mean diameter of 0.25 m. In the gas phase, production of hexamethyldisiloxane was identified to support for the photochemical reactions between TMSAz and Fe(CO) 4 taking place efficiently. During propagation process in aerosol particle formation, it was suggested that isocyanate (R-N=C=O) and Si-H chemical structures were produced to modify the chemical structures of aerosol particles. Under intense laser light irradiation at 355 nm with a Nd:YAG laser, a gaseous mixture of Fe(CO) 5 and TMSAz produced magnetic ultrafine particles. Magnetization of the deposited ultrafine particles was measured with a SQUID magnetometer, showing that super-paramagnetic ultrafine particles were produced in addition to ferromagnetic particles under a magnetic field of 1 ~ 4.5 T. Based on the nucleation reactions induced by trimethylsilyl nitrene and iron carbonyls (Fe(CO) n n=1~4) which were formed efficiently by two photon absorption of laser light, it was strongly suggested that ferromagnetic particles were produced via chemical reactions between trimethylsilyl nitrene and two iron carbonyls and super-paramagnetic particles, via chemical reactions between two iron carbonyls.
Introduction
Using photochemical reactions of organometal compounds, metal containing fine particles were successfully synthesized from a gaseous mixture containing iron pentacarbonyl (Fe(CO) 5 ) and cobalt tricarbonyl nitrosyl (Co(CO) 3 NO) [1] [2] [3] [4] . The particles thus synthesized can be utilized as building blocks of nano-devices and are suitable for fabricating nano-patterns in nano-lithography [5] . The addition of 2-propenyltrimethylsilane (allyltrimethylsilane) (ATMeSi) and trimethylsilyl azide (TMSAz) improved the efficiency of nucleation reactions [6] [7] [8] and controlled the chemical compositions of Fe and Co species [9] . ATMeSi can ligate to metal atoms through -coordination of allyl group, and TMSAz can incorporate into the nucleation reaction by decomposing into chemically reactive nitrene and reacting with organometal compounds [10] [11] [12] .
In the present paper, from a gaseous mixture of Fe(CO) 5 and TMSAz, sedimentary aerosol particles were produced under UV light irradiation with a mercury lamp and gas-phase chemical reactions were analyzed from FT-IR spectra to study the nucleation reactions of particle formation. Upon exposure to intense laser light with a Nd:YAG laser at 355nm, the gaseous mixtures of Fe(CO) 5 and TMSAz produced magnetic ultrafine particles under an external magnetic field of up to 5 T. The magnetization of the particles was measured and the formation processes of ferromagnetic and super-paramagnetic particles were discussed in relation to two kinds of nucleation reactions.
Experimental
Fe(CO) 5 (Kanto, 95%) and TMSAz (Tokyo Kasei, G. R. grade) were degassed by freeze-pumpthaw cycles in the dark and purified by vacuum distillation immediately before use. To prepare a gaseous mixture of Fe(CO) 5 and TMSAz, each vapor was introduced successively into a crossshaped Pyrex cell (volume 173 cm 3 ) having a long (length 160 mm, inner diameter 35 mm) and short (length 80 mm, inner diameter 20 mm) arms or into a small cylindrical Pyrex cell (length 160 mm, inner diameter 20 mm, volume 50 cm 3 ) equipped with a couple of quartz windows through a vacuum line equipped with a capacitance manometer (Edwards Barocel Type 600). The background pressure of the irradiation cell was less than 1× 10 -4 Torr (1 Torr = 133.3 Pa). The partial pressures of Fe(CO) 5 and TMSAz in the irradiation cell were determined from the diagnostic band intensities of FT-IR spectra at 645 cm -1 for Fe(CO) 5 and 1320 cm -1 for TMSAz.
The gaseous samples were irradiated with a medium pressure mercury lamp (Ushio UM-452, 450W) through UV29 and UV-D33S filters (energy, 5.4 mJ/s cm 2 ) to excite Fe(CO) 5 molecules at 313 nm. Absorbance of 1 Torr of Fe(CO) 5 is 0.28 at 313 nm in 10 cm light path length. TMSAz has weak absorption bands at 255 nm and 212 nm, and does not absorb any light at longer wavelengths than 300 nm. The gaseous samples were also irradiated with the third harmonic (355 nm) of pulsed Nd:YAG laser light (Quanta Ray INDI-40-10). Absorbance of 1 Torr of Fe(CO) 5 is 0.07 at 355 nm. Monitor (He-Ne laser) light intensity scattered by aerosol particles as formed in the irradiation cell during UV light irradiation was measured with a combination of a photomultiplier tube (EMI 6256 S) and a lock-in amplifier (SRS SR-530) through a Y-52 filter.
Scanning electron microscope (SEM) images were recorded with a JEOL JSM 6060 scanning electron microscope. FT-IR spectra of the gaseous mixtures and of the deposits embedded in KBr pellets were measured with a Nicolet NEXUS 470 FT-IR spectrometer. Magnetic field was applied by a helium-free superconducting magnet (Sumitomo Heavy Industries HF5-50 VHT-S). Magnetization of the deposited particles was measured with a SQUID magnetometer (Quantum Design MPMS-5S).
Results and discussion
3.1. Photochemical reactions in the gas phase during aerosol particle formation Under UV light irradiation with a medium pressure mercury lamp at 313 nm for 10 min, a gaseous mixture of Fe(CO) 5 (4.0 Torr) and TMSAz (7.6 Torr) produced spherical sedimentary particles with a mean diameter of 0.25 m ( Fig. 1 ). Monitor (He-Ne laser) light intensity scattered by aerosol particles as formed under UV light irradiation was measured; the results are shown in Fig. 2 . Immediately after UV light was irradiated upon the gaseous mixture, scattered light was detected in 3 s. For pure Fe(CO) 5 vapor ( Fig. 2A ), scattered light disappeared almost completely in 1.5 min, resulting in the formation of crystalline Fe 2 (CO) 9 , whereas for the gaseous mixture, scattered light was detected over the whole period during light irradiation for 30 min (Fig. 2B ). Although formation of crystal-2 m A line Fe 2 (CO) 9 was rapid in pure Fe(CO) 5 vapor, incorporation of TMSAz molecules to the nucleation reactions inhibited the formation of Fe 2 (CO) 9 and produced the spherical aerosol particles which were composed of Fe(CO) 5 and TMSAz molecules.
Chemical processes in the gas phase were investigated by measuring FT-IR spectrum of a gaseous mixture of Fe(CO) 5 (4.0 Torr) and TMSAz (7.6 Torr). The spectrum of the gaseous mixture is shown in Fig. 3A . Upon UV light exposure, FT-IR bands of Fe(CO) 5 and TMSAz decreased their intensities, and new bands appeared at 1260, 1074, and 850 cm -1 (Fig. 3B ). The 1260 and 850 cm -1 bands overlapped with 1262 and 852 cm -1 bands of TMSAz, respectively, and could be recognized after analyzing the spectral intensity change of the bands on UV irradiation time which behaved differently from the other bands ( Fig. 3C , curve c). The new bands observed in Fig. 3B coincided with the bands characteristic of hexamethyldisiloxane [13, 14] . As reported previously [15] , TMSAz reacted thermally with acrolein (2-propenal), and produced hexamethyldisiloxane. Via chemical interaction with chemical species having carbonyl and/or aldehyde group, TMSAz produces some siloxane structures [16] . Through photochemical reaction between Fe(CO) 5 and TMSAz, hexamethyldisiloxane may be produced in the gas phase.
After allowing for complete sedimentation of the formed aerosol particles, the band intensity (absorbance, A) of (Fe-C-O) band at 645 cm -1 of Fe(CO) 5 [17] [18] [19] and of (N=N=N) band at 1320 cm -1 of TMSAz [20] was measured, and the ratio of A to the initial absorbance before light irradiation, A 0 , was plotted against cumulative irradiation time (Fig. 3C ). In the binary gaseous mixture, Fe(CO) 5 and TMSAz molecules were consumed by ~80 % and 40 %, respectively, after 120 min under UV light irradiation. The partial pressures of Fe(CO) 5 and TMSAz depleted from the gaseous phase were estimated to be 0.88 and 1.52 Torr, respectively, over 10 min under UV light irradiation. Assuming the pseudo first order decay, the depletion rates of Fe(CO) 5 and TMSAz were estimated to be 6.8×10 -4 and 4.0×10 -4 s -1 , respectively. In a gaseous mixture of lower partial pressure (2.7 Torr) of TMSAz, Fe(CO) 5 (4.4 Torr) depleted by 2.9 Torr over 10 min light irradiation, and the depletion rate was 1.7×10 -3 s -1 . Depletion rate of Fe(CO) 5 was decelerated by 60 % with increasing partial pressure of TMSAz from 2.7 to 7.6 Torr, showing that TMSAz molecules were incorporated into the nucleation reaction to inhibit the formation of crystalline deposits which were mainly composed of Fe 2 (CO) 9 structure. TMSAz contributed to the efficient formation of aerosol particles. [17-19 , 21-24] . Furthermore, in Fig. 4A , new bands were observed at 2200 cm -1 and at 1630 cm -1 assignable to (Si-H) [11, 12] and (N=C=O) of isocyanate group [25, 26] . These bands were originated from chemical reactions between TMSAz and Fe(CO) 5 molecules. Aerosol particle formation process is summarized as follows.
Under UV light irradiation, Fe(CO) 5 molecule evolves a CO group to produce reactive species, Fe(CO) 4 (reaction (1)).
Fe(CO) 5 + h → Fe(CO) 4 + CO (1) In the absence of TMSAz, Fe(CO) 4 rapidly reacts with Fe(CO) 5 to produce crystalline deposits of Fe 2 (CO) 9 (reaction (2)).
Fe(CO) 4 + Fe(CO) 5 → Fe 2 (CO) 9 (2) When a partial pressure of TMSAz is higher than that of Fe(CO) 5 , Fe(CO) 4 reacts efficiently with TMSAz molecule to produce transient species (Fe(CO) 4 NSi(CH 3 ) 3 ) having silylimido and/or silyl nitrene structure [27] [28] [29] followed by further reaction with Fe(CO) 5 molecule leading to the formation of aerosol particles with terminal and bridging C-O groups (reactions (3) and (4)).
Fe(CO) 4 + N 3 Si(CH 3 ) 3 → Fe(CO) 4 NSi(CH 3 ) 3 + N 2 (3) Fe(CO) 4 NSi(CH 3 ) 3 + Fe(CO) 5 → → aerosol particles (4) TMSAz reacts with ketones and aldehydes to produce several chemical species such as isocyanate and silaimines [30] [31] [32] [33] . During the reactions (3) and (4), TMSAz may produce these chemical species to modify the chemical structure of the particles.
Magnetic particle formation under light irradiation with a Nd:YAG laser
Under intense laser light irradiation with a Nd: YAG laser, Fe(CO) 5 and TMSAz molecules decompose into several reactive intermediates through two photon excitation, and the nucleation reactions of aerosol particles take place differently from those under light irradiation with a mercury lamp. As a result of different chemical reactions, a gaseous mixture of Fe(CO) 5 (4.0 Torr) and TMSAz (7.6 Torr) produced coagulated black ultrafine particles with diameters of 50~100 nm. As reported previously [34] , the deposited particles produced with the application of a magnetic field of 0 ~ 5 T changed their chemical compositions.
In order to investigate the magnetic properties of the deposited particles in relation to the change of chemical compositions, ultrafine particles were produced from a gaseous mixture of Fe(CO) 5 (0.9 Torr) and TMSAz (8.9 Torr) under 355 nm laser light irradiation for 3 min with the application of a magnetic field of 0 ~ 4.5 T, and magnetization of the deposited particles was measured with a SQUID magnetometer. The results are shown in Fig. 5 . Magnetic susceptibility,  by SQUID measurement, of the ultrafine particles produced in the absence of a magnetic field (Fig. 5A ) was ~3× 10 -5 emu for the measured sample of 1~5 mg. In the present experiment, the ultrafine particles of 1~5 mg were deposited on a piece of Scotch tape of 18×146 mm and then, the Scotch tape was cut into 18×76 mm (~90 mg) after the deposition of ultrafine particles to prepare a sample for SQUID measurement. Therefore, we could not determine precisely the amount of particles used for SQUID measurement. Hence, magnetic susceptibility, , was only roughly evaluated to be ~1×10 -2 emu/g or larger, suggesting that the deposited ultrafine particles were ferromagnetic. As shown in Fig. 5A ,  value gradually increased with decreasing temperature as was usually observed for ferromagnetic particles. It is worth mentioning that magnetization of a piece of Scotch tape (of ~90 mg) was measured separately. The Scotch tape was diamagnetic and magnetic susceptibility, , was -3.6×10 -7 emu/g, being five orders of magnitude smaller than the one of the ultrafine particles being measured. Although the diamagnetic contribution from the Scotch tape was considered in the present analysis, the influence of the diamagnetic contribution was negligibly small. In Fig. 5B , temperature dependence of  value of ultrafine particles produced with the application of a magnetic field of 1.0 T and measured by SQUID under a magnetic field of 1.0 T is shown. Because the magnetization of the ferromagnetic particles had already saturated at low magnetic field around 500 Oe,  value measured at 1.0 T apparently reduced to ~1/20 compared to the values in Fig. 5A being measured at 500 Oe.
Compared to Fig. 5A , it was easily recognized that in the low temperature region below 30 K, temperature-sensitive component appeared. This was attributed to the existence of super-paramagnetic species in addition to the ferromagnetic species, showing that the ultrafine particles were composed of two kinds of magnetic particles. As was discussed in a previous paper [34] , a gaseous mixture of Fe(CO) 5 and TMSAz took place two kinds of the nucleation reactions during aerosol particle formation upon exposure to intense laser light as summarized below.
Under intense laser light irradiation, Fe(CO) 5 evolves several CO groups to produce reactive species (reaction (5)) [35] [36] [37] . Fe(CO) 5 + h → Fe(CO) 5-n + nCO (n = 1~5) (5) Via two-photon excitation, TMSAz molecules decompose into trimethylsilyl nitrene (reaction (6)) [10] [11] [12] .
(CH 3 ) 3 SiN 3 + 2h → (CH 3 ) 3 SiN* + N 2 (6) Silyl nitrene ligates to two iron carbonyls to produce bidentate iron complexes which do not involve any bridging >C=O groups (reaction (7)).
(CH 3 ) 3 SiN* + Fe(CO) n + Fe(CO) m → (CO) n Fe( 2 -NSi(CH 3 ) 3 )Fe(CO) m (7) When relative partial pressure of TMSAz is low, two iron carbonyls produce diiron carbonyls with bridging CO groups (reaction (8)).
Fe(CO) n + Fe(CO) m → Fe 2 (CO) n+m-k + kCO (n, m = 1~4) (8) In the nucleation process, both the reactions (7) and (8) take place concurrently to produce magnet-ic particles. When relative partial pressure of TMSAz is sufficiently (4 times) higher than that of Fe(CO) 5 , the chemical reaction (7) dominates over the chemical reaction (8). From the spectral change in FT-IR spectra of the sedimentary ultrafine particles, it was strongly suggested that the production of ultrafine particles via the nucleation reaction (8) was favored under a magnetic field.
Considering these results, super-paramagnetic ultrafine particles may be attributed to the particles produced via the nucleation reaction (8) and ferromagnetic ultrafine particles, to the particles produced via the nucleation reaction (7). This conclusion does not exclude the possibility that particle size of ultrafine particles changes by the application of a magnetic field and magnetic particles smaller than 20 nm exhibited super-paramagnetic properties. 
Conclusions
Under UV light irradiation with a mercury lamp at 313 nm, a gaseous mixture of Fe(CO) 5 and TMSAz produced spherical aerosol particles with a mean diameter of 0.25 m. In the gas phase, production of hexamethyldisiloxane was identified to support for the photochemical reactions between TMSAz and Fe(CO) 4 taking place efficiently. During propagation process in aerosol particle formation, it was suggested that isocyanate (R-N=C=O) and Si-H chemical structures were produced to modify the chemical structures of aerosol particles. Under intense laser light irradiation at 355 nm with a Nd:YAG laser, a gaseous mixture of Fe(CO) 5 and TMSAz produced magnetic ultrafine particles. From the measurement of magnetization of the deposited particles, it was found that super-paramagnetic ultrafine particles were produced in addition to ferromagnetic particles under a magnetic field of 1~ 4.5 T. Based on the nucleation reactions induced by trimethylsilyl nitrene and iron carbonyls (Fe(CO) n n=1~4) which were formed efficiently by two photon absorption of laser light, it was strongly suggested that ferromagnetic particles were produced via chemical reactions between trimethylsilyl nitrene and two iron carbonyls and super-paramagnetic particles, via chemical reactions between two iron carbonyls.
